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Abstract

Nonalcoholic fatty liver disease (NAFLD) is the most common type of chronic
liver disease in children. The mechanisms that drive NAFLD disease progres-
sion in this specific patient population remain poorly defined. In this study,
we obtained liver biopsy samples from a multiethnic cohort of pediatric pa-
tients with NAFLD (n = 52, mean age = 13.6 years) and healthy liver controls
(n = 5). We analyzed transcriptomic changes associated with NAFLD stages
using high-throughput RNA sequencing. Unsupervised clustering as well as
pairwise transcriptome comparison distinguished NAFLD from healthy livers.
We identified perturbations in pathways including calcium and insulin/glucose
signaling occurring early in NAFLD disease, before the presence of histo-
pathologic evidence of advanced disease. Transcriptomic comparisons iden-
tified a 25-gene signature associated with the degree of liver fibrosis. We also
identified expression of the insulin-like growth factor binding protein (IGFBP)
gene family (1/2/3/7) as correlating with disease stages, and it has the poten-
tial to be used as a peripheral biomarker in NAFLD. Comparing our data set
with publicly available adult and adolescent transcriptomic data, we identified
similarities and differences in pathway enrichment and gene-expression pro-
files between adult and pediatric patients with NAFLD. Regulation of genes
including interleukin-32, IGFBP1, IGFBP2, and IGFBP7 was consistently
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found in both NAFLD populations, whereas IGFBP3 was specific to pediatric
NAFLD. Conclusion: This paper expands our knowledge on the molecular
mechanisms underlying pediatric NAFLD. It identifies potential biomarkers
and directs us toward new therapies in this population.

INTRODUCTION

Over the past few decades, there has been an epidemic
of worldwide obesity.m Paralleled with this trend is the
growing prevalence of nonalcoholic fatty liver diseases
(NAFLD) across all age groups, countries, and ethnici-
ties.”?. NAFLD consists of a spectrum of pathology hall-
marked by the hepatic accumulation of triglycerides,
which can progress to nonalcoholic steatohepatitis
(NASH).B4 Development of NAFLD/NASH is strongly
associated with cardiometabolic disease, liver fibrosis/
cirrhosis, and hepatocellular carcinoma (HCC).®~1 An
estimated 25% of the worldwide population is affected,
and the rate is on the rise.”) Meanwhile, the more
alarming trend is the growing prevalence of NAFLD in
children and adolescents, which portends an increas-
ing burden on health care systems in the future.B® In
the United States, NAFLD is estimated to affect 7 mil-
lion children and has become the most common cause
of pediatric chronic liver disease.”?

Transcriptomic sequencing (RNA sequencing [RNA-
seq]) has proven to be a comprehensive method to
examine the changes in gene expression during the
development of disease and offers valuable informa-
tion on disease biology, risk factors, and biomarkers.
Two factors should be considered when choosing
the cohort to map gene signatures. First, NAFLD is
a spectrum of disease covering progressive stages
of steatosis, inflammation, and fibrosis; likely distinct
transcriptional profiles are associated with disease pro-
gression from normal liver to NAFLD to NASH. Second,
the pathogenesis of NAFLD in children and adoles-
cents is likely multifactorial, with genetic predisposition
playing a significant role. Multiethnic studies of pedi-
atric NAFLD in the United States clearly indicate that
Hispanics have the highest prevalence of NAFLD, and
African Americans have the lowest.">!"! Previous stud-
ies focused primarily on adults,"" and therefore may
not accurately represent the gene signatures of pedi-
atric patients with NAFLD. In addition, these studies
used patient cohorts composed primarily of Western
Europeans and may not fully describe differences in
other ethnic groups.

In this study, our goal was to use RNA-seq data
to define molecular pathways and gene signatures in
pediatric patients associated with different features of
NAFLD assessed by liver biopsy. We compared our
data set to adolescent and adult NAFLD studies to

discover similarities and differences in the mechanisms
of NAFLD progression. Importantly, we also aimed to
discover genes unique to our data set that may point to
distinct mechanistic differences in this age group and
are potential targets for future investigations.

MATERIALS AND METHODS
Study participants/approvals/liver biopsy

Fifty-two pediatric patients with an elevated alanine
aminotransferase (ALT) level (> 40 U/l) agreed to par-
ticipate in this study. Subjects reported no alcohol
consumption or medical treatment before biopsy. The
nature and potential risks of the study were explained
to all subjects/guardians before obtaining their written
consent. The study was approved by the ethics com-
mittee of Yale University.

Clinically indicated ultrasound-guided liver biopsies
were performed using 15G TruCut liver biopsy needles
with a portion of the liver biopsy archived. Biopsies
were immediately immersed in RNAlater (Thermo
Fisher Scientific) according to the manufacturer’s in-
structions. Deidentified control liver tissues/RNA from
healthy subjects were obtained from University of
Pittsburgh Medical Center (n = 3), Mount Sinai Medical
Center (n = 1), and Thermo Fisher Scientific (AM7960,
Lot No. 2280511).

Histopathological analyses

The histopathology was evaluated by experienced
pediatric hepato-pathologists. Composite histologic ac-
tivity was assessed using the validated NAFLD activity
score (NAS) according to the NASH Clinical Research
Network (CRN) scoring system.I'”! NAS is the subto-
tal of three subscores: hepatocyte ballooning, steato-
sis, and lobular inflammation. A subscore > 0 indicates
presence of these histologic features. NAS was used to
categorize the cohort into control, steatosis (NAS < 3),
borderline (NAS = 4 or NAS 2= 5 with one or more sub-
scores = 0), and NASH (NAS = 5, subscores > 0), as
described by Govaere et al." for application of the
transcriptional statistical analysis. Fibrosis was evalu-
ated separately from the NAS following established his-
tologic criteria."™ In addition, biopsies were categorized
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on the base of the pattern of injury and presence and
degree of specific lesions in diagnostic categories as
“NAFL,” “borderline NASH,” or “definite NASH."["]

RNA extraction, RNA-seq library
preparation, and sequencing

RNA was isolated using Total RNeasy Mini Kit (QIAGEN
Inc.). RNA-seq libraries were prepared using NEBNext
Poly(A) messenger RNA (mRNA) Magnetic Isolation
Module (NEB #E7490) and NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina (NEB #E7760). RNA-
seq libraries were validated by MedGenome (San
Francisco, CA) before being sequenced on a Nova-Seq
6000 (lllumina).

RNA-seq preprocessing

An average of 47.2 million reads were recorded for
each sample. For each sample, a pipeline including
FastQC,I""! adapter, and low-quality reads filtering by
Trimmomatic!'® and alignment to the human reference
genome (hg38) with STAR aligner'® was performed.
Gene read counts were quantified by STAR quantMode
GeneCount setting. All tools were run by default param-
eter setting.

Statistical analysis on transcriptomic and
clinical data

To detect the correlation between gene expression
and Glu120, Pearson correlation, and linear regression
model were applied. Partial least-squares discrimi-
nant analysis (PLS-DA) was performed by R package
ropls?? to classify all patients into NASH and fibrosis
categories. Euclidean distances for all the pairwise
samples were calculated, and hierarchical clustering
was performed on all samples grouping them into two
major clusters.

Differential expression and Ingenuity
Pathway Analysis

Differential expression analysis was performed on raw
read count data, comparing steatosis versus control,
NASH versus control, NASH versus steatosis, SO ver-
sus S1, SO versus S2, and SO versus S3. For each com-
parison, R package DESeq2[2” was used to perform
the differential test, and the differentially expressed
genes (DEGs) were defined by false discovery rate
(FDR) < 5% and absolute fold change = 1.5. For the
comparison with control samples, stronger signals were
detected in general. Stringent gene-filtering criteria

were applied with FDR < 0.0001 and fold change 2 3. Y
chromosome genes were filtered to eliminate sex bias.
Selected DEGs were applied into Ingenuity Pathway
Analysis (IPA; Qiagen) to detect enriched pathways.
Significant pathways were defined by FDR < 5%, with
positive Z-scores indicating activated pathways and
negative Z-scores for inhibited pathways. Based on
gene-expression profile, gene-set variation analysis
was performed by R package GSVA®? to evaluate the
enrichment score of the Kyoto Encyclopedia of Genes
and Genomes!?®! metabolic pathways for each sample.

Public data mining

Two adult studies (GSE135251'2 and GSE89632!'4)
and one adolescent study (GSE66676)24 were com-
pared with the current pediatric study to check for simi-
larities and differences among pediatric, adolescent,
and adult cohorts. A minimum FDR < 0.05% and fold
change of 1.5 were used as cutoffs. Differential expres-
sion and pathway analyses were applied to all three
public studies independently. Detailed data preproc-
essing steps as well as information on each study co-
hort are described in the Supporting Methods.

Statistical analysis

All the statistical analysis was performed by R program-
ming and the available R/Bioconductor packages. Data
were visualized by R packages ComplexHeatmap[zs]
and ggplot2 (https://ggplot2.tidyverse.org).

Oral glucose tolerance test

After 12-h overnight fasting, 17 participants underwent
a 3-h oral glucose tolerance test (OGTT,; 1.75 g glu-
cose/kg body weight, up to 75 g) at the Yale Center
for Clinical Investigation, as previously described.?®!
Plasma glucose levels were measured using the Yellow
Springs Instruments 2700 STAT Analyzer.

RESULTS

We examined a multiethnic cohort of 52 pediatric pa-
tients who received a clinically indicated liver biopsy.
The mean age of this cohort was 13.6 + 2.9 years with
61.5% of the cohort being male (Table 1). The body
mass index (BMI) mean was 32.0 + 5.0 and the mean
ALT of this cohort was 206.9 + 135.5 (U/dI) (Table 1). The
patient cohort was also evaluated by its histopathologic
diagnostic categories (Table S1)'® and according to
the NASH CRN guidelines.['™™ There was no statistical
difference between Hispanic (69.2%) and non-Hispanic
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TABLE 1 Pathological features of NASH patient samples by ethnicity

Feature

n
Age (years)
3/%
BMI (kg/m?)
Z-score (weight for age)
ALT (U/L)
AST (U/L)
ALP
GGT
Total cholesterol
Triglycerides
HbA1c (%)
Type 2 diabetes mellitus
Steatosis
Steatosis grade
0
1
2
3
Fibrosis stage
0
1
2
8]
Lobular inflammation
0
1
2
3
Portal inflammation
0
1
2
NAS
25
<5

Total

52
13.6+2.9
32/20
32.0+5.0
2.31+0.52
206.9 + 135.5
108.5+76.3
215.6 £ 126.1
74.4 + 491
180.4 + 36.6
186.4 £ 89.6
56+0.5

0

59.8 +24.5

16
29

37

37

16
29

18
34

Hispanic

36

13.2+2.9
25/12
31.2+52
2.28+0.55
208.5 + 146.5
11114 £ 78.0
234.6 £ 122.3
69.4 +49.4
171.4 £ 33.0
182.1£93.5
5.6+0.3

0

59.7 £23.7

12
20

25

25

13
21

14
23

Non-Hispanic
15

14.7+2.8
717
33.8+54
2.39+0.44
201.5+ 110.8
103.8+77.0
169.8 £ 131.5
89.9+48.2
203.8 + 36.7
197.4 £+ 81.9
57+0.8

0

58.5+27.9

o A~ O DN

o

3
1"

p-value (Hispanic
vs. non-Hispanic)

0.10
0.13
0.5

0.86
0.77
0.14
0.21
0.03
0.63
0.47
0.89

0.30

0.42

0.81

0.39

0.33

Note: p-value calculated by Fisher's exact test. Non-Hispanic: Caucasian (n = 8), Asian (n = 4), African American (n = 1), non-Hispanic with unknown
ethnicities (n = 2), and unknown (n = 1).
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT: gamma-glutamyltransferase; HbA1C,

hemoglobin Alc.

(28.8%) members of the cohort with respect to several
demographic and biochemical measures, except for

total cholesterol (Table 1; p = 0.03; 171.4 vs. 203.8,

respectively). We incorporated livers from 5 healthy
adults (mean age: 47.4 + 13.8 years; BMI: 28.5 £ 11.5;
ALT: 21.3 £ 16.3) to compare their liver transcriptional
profiles to the pediatric patients in this study (Table S2).

Unsupervised clustering and PLS-DA
divides cohort into two groups

Bulk RNA-seq analysis was performed using biopsy sam-
ples from our pediatric NAFLD cohort and healthy adult
controls. Unsupervised clustering divided the cohort into
two distinct groups (Figure 1). Group 1 consisted of all
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Disease
NAFLD Actvity Score
Hepatocyte Ballooning
Steatosis Grade
Lobular Inflamation
Portal Inflamation
Fibrosis Stage
Gender
Ethnicity
Age
BMI
Distance
400
300

200
100
0

Group 1 Group 2
Disease Hepatocyte Lobular Fibrosis  Ethnicity
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FIGURE 1

Unsupervised clustering of pediatric patients with nonalcoholic fatty liver disease (NAFLD) (n = 52) and healthy liver controls

(n = 5) using RNA sequencing. The heatmap shows the pairwise distance of the samples, and the top annotation bar indicates clinical

features of the individual subjects. BMI, body mass index

five of the control samples as well as two NAFLD cases.
PLS-DA strongly discriminated the transcriptomic pro-
files between the controls and pediatric NAFLD samples
(Figure S1A). No clear distinction was present between
the NAFLD samples, indicating highly similar transcrip-
tomic profiles between these groups (Figure 2A).

Performing DEG and pathway analysis between
groups 1 and 2, pathways such as “type 2 diabetes
mellitus signaling,” “insulin secretion pathway,” “agran-
ulocyte adhesion and diapedesis,” and “hepatic fibro-
sis/stellate cell activation” were enriched, consistent
with the development of steatosis, inflammation, and
fibrosis in these subjects. A full list of enriched path-
ways between group 1 and group 2 is presented in
Table S3. The two group-1 individuals displaying sim-
ilar transcriptomic profiles with controls, but histolog-
ically defined as NAFLD, were excluded from further
downstream analysis.

Defining liver transcriptome changes
associated with different stages of NAFLD

To understand the mechanisms of NAFLD progression
in children, we divided our cohort (Table S4) into con-
trol, steatosis (NAS < 3), borderline NASH (NAS = 4
or NAS = 5 with one or more subscores = 0), and
NASH (NAS = 5, subscores = 1), as described in the
“Materials and Methods” section. Pairwise compari-
sons among the control, steatosis, and NASH groups
defined 13,235 DEGs in control versus steatosis, and
12,593 DEGs in control versus NASH (Figure 2B).
Pathways significantly activated in fibrosis, inflam-
mation, insulin/glucose signaling, and retinoid X re-
ceptor (RXR) signaling were present when examining
control versus steatosis as well as in control versus
NASH (Figure 2C; see Tables S5 and S6 for a full list
of significant pathways).
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FIGURE 2 Transcriptomic differences between different stages of control and pediatric NAFLD. (A) Patients with NAFLD visualized

by the top two components of partial least-squares discriminant analysis (PLS-DA). (B) Venn diagram showing the number of differentially
expressed genes (DEGs) in control versus indicated group. A total of 13,235 differentially regulated genes were identified between steatosis
and control; 12,593 differentially regulated genes were identified between NASH and control. (C) Selected top enriched pathways grouped

by biologic function. (D) Heatmap showing the normalized gene expression (represented by z-score) of candidate NAFLD genes involved
in “calcium signaling” and “insulin & glucose signaling.” (E) Pathway Enrichment Score (PES) of selected Kyoto Encyclopedia of Genes
and Genomes (KEGG) metabolic pathways in normal liver and indicated NAFLD grade. IL, interleukin; LXR, liver X receptor; NASH,

nonalcoholic steatohepatitis; PXR, pregnane X receptor; RXR, retinoid

“Calcium signaling” was the top differentially regu-
lated pathway in both the steatosis and NASH compar-
isons to controls. Calcium signaling plays an important
role in hepatic metabolism. Liver steatosis can disrupt
calcium homeostasis in hepatocytes and cause en-
doplasmic reticulum stress, leading to insulin resis-
tance.?”28 Therefore, we examined gene expression
associated with calcium signaling in hepatocytes and
insulin resistance.?”! Compared with controls, pediat-
ric patients with NAFLD have an overall decrease in

X receptor; VDR, vitamin D receptor

calcium ion transport (CANA1A, CANA1C, CACNB1),
increased protein kinase C expression (PKCp, PKCe),
increased gluconeogenesis and glucose transport
(G6PC, SLC2A2), as well as activation of the mitogen-
activated protein kinase kinase/extracellular signal—
regulated kinase pathway (Figure 2D and Figure S1B).

We also examined a list of candidate genes pre-
viously reported by adult and mouse NAFLD stud-
ies.BO31] Compared with healthy controls, pediatric
NAFLD samples showed an overall up-regulation of
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farnesoid X receptor signaling/bile acid synthesis, im-
mune system activation, and Hippo pathway activa-
tion (Figure S1C). However, there was no clear trend
in apoptosis and stellate cell activation (Figure S1D),
which may explain a paucity of advanced disease in
this cohort. Expression changes of these candidate
genes occurred early after the onset of NAFLD and
persisted through steatohepatitis.

Additionally, we plotted the enrichment of selected
metabolic pathways to determine their differences in
NAFLD stages (Figure 2E). There was an overall up-
regulation of metabolic gene expression in NAFLD
compared with normal liver controls, including car-
bohydrate, lipid, and retinol metabolism. The only
down-regulated metabolic pathway we identified was
“glycosphingolipid biosynthesis.” There was a lack of
differential gene expression as NAFLD progresses
from steatosis to NASH in this cohort, except a down-
ward trend in oxidative phosphorylation.

Identifying DEGs and pathways with
progression of fibrosis in pediatric NAFLD

To identify molecular mechanisms associated with
fibrotic progression in pediatric NAFLD, we first per-
formed PLS-DA on the transcriptome profiles of dif-
ferent fibrosis stages (S0—S3) within NAFLD (Figure
S2A). There is a clear separation between no (S0)
and advanced fibrosis (S3) (Figure 3A). Comparing
S0 against S3, we identified 500 differentially up-
regulated genes and 439 down-regulated genes
(Figure 3B).

IPA identified the top enriched biological pathways in
our SO versus S3 subjects (Figure 3C). The top 5 regu-
lated pathways can be subdivided into two categories:
translation regulation (i.e., “EIF2 signaling,” “mTOR sig-
naling”), which is driven by the up-regulation of several
ribosomal protein subunit genes, and mitochondrial
stress (“mitochondria dysfunction,” “oxidative phos-
phorylation”), which is driven by up-regulation genes
in the electron transport chain, including cytochrome ¢
oxidase subunits, complex | subunits, complex Ill sub-
units, and adenosine triphosphate synthase subunits.
This suggests a general up-regulation of protein syn-
thesis and mitochondrial activity at advanced stages of
fibrosis. This is consistent with the up-regulation of sev-
eral genes encoding enzymes in the glycolysis pathway
(Figure S2B).

Next, we sought to find common genes that are dif-
ferentially expressed throughout progression of fibrosis
in pediatric NAFLD. Using NAFLD SO as a baseline,
we performed pairwise analysis of DEG and pathway
enrichment in NAFLD S1-S3. We found the intersec-
tion of DEGs between the three pairwise comparisons
that contain 25 genes, 20 of which are protein-coding

(Figure S2C). Among the 20 protein-coding genes, 16
of them are consistently up-regulated throughout fi-
brosis progression, while four are consistently down-
regulated (Figure 3D).

In our cohort, subjects with S3 fibrosis did not con-
sistently have high NAS scores (> 4) and none showed
signs of hepatic ballooning. S3 patients showed signifi-
cantly higher expression of various pro-inflammatory
cytokines and receptors including chemokine (C-C
motif) ligand 21, CD69, chemokine (C-X-C motif) li-
gand 10 (CXCL10), interleukin (IL)-32 (Figure 3E).
In addition, IL11 and IL17A, two cytokines associated
with liver fibrogenesis or NAFLD progression in mice
and humans,®%3% were up-regulated in our S3 sub-
jects, although not significantly (p = 0.07 and 0.09, re-
spectively). This cohort of advanced fibrotic pediatric
patients with NAFLD is hallmarked by dysregulation
of pro-inflammatory cytokines and immune activation
markers.

Insulin-like growth factor binding
protein and insulin-like growth factor
binding protein 2 family proteins in
NASH and fibrosis regulation

One purpose of this study was to identify potential non-
invasive markers for the progression of NAFLD and
fibrosis that are detectable in peripheral blood. The
insulin-like growth factor binding protein (IGFBP) family
may satisfy these requirements, as it is associated with
adult NALFDPY and detectable in serum.B®!

RNA-seq data showed that hepatic IGFBP1 and
IGFBP2 expression significantly decreased between
steatosis to NASH livers and is significantly lower com-
pared with healthy livers (Figure 4A). Their expression
also decreased with increasing fibrotic stage, although
it was not statistically significant (Figure 4B). In contrast,
IGFBP3 significantly increased in pediatric NAFLD
compared with control, but it does not distinguish NASH
and simple steatosis. There was an upward trend with
increasing fibrosis (Figure 4A,B). IGFBP7 expression
was significantly increased in S3 fibrosis (Figure 4B;
p = 3.92E-6).

NAFLD progression is directly associated with
type 2 diabetes development.[36'37] In this cohort,
we investigated whether 2-h glucose values from
OGTT are related to IGFBP expression. IGFBP1 and
IGFBP2 was negatively correlated with 2-h glucose
(r=-0.42 and -0.21, respectively), whereas IGFBP3
and IGFBP7 showed a positive correlation (r = 0.32
and 0.35, respectively) (Figure 4C). These correla-
tions were not statistically significant, partially due to
the lack of OGTT data, but the trends were consistent
with our gene-expression/histopathologic compari-
sons (Figure 4A,B).
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FIGURE 3 Gene-set analysis of fibrotic progression in pediatric patients with NAFLD. (A) PLS-DA of S0 versus S3 patients in this
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All 20 genes are significantly regulated (p < 0.05) compared with NAFLD S0. (E) Normalized expression of selected genes related

to inflammation and immune cell activation. Genes are significantly up-regulated (p < 0.05) between SO and S3. Z-score represents
normalized expression. EIF2, eukaryotic initiation factor 2; mTOR, mammalian target of rapamycin

Meta-analysis comparing adolescent/
adult NASH transcriptomic data
reveals common and unique gene-
expression patterns

We then examined whether differentially expressed
genes/pathways in this study are shared in previously
published studies of patients with NAFLD/NASH.
First, we compared our data with the transcriptomic
data set of adolescent liver biopsies undergoing bari-
atric surgery for extreme obesity.[24] We identified
seven common up-regulated genes between the two
studies (Table S7). Several of the genes are involved

in lipid metabolism or have been implicated in NAFLD/
NASH.

We then evaluated whether our cohort recapitulates
aspects of adult NAFLD by exploring two transcrip-
tomic adult data sets. These data sets included healthy
controls and had well-annotated NAS and fibrosis
scores for their samples.“z*ml By combining the histo-
logical scores of the two adult cohorts, we found that, in
adults, NAS strongly correlates with increasing fibrosis
(Figure S3A; p = 0.0005). There was no similar clear
correlation in our pediatric cohort (Figure S3B; p = 0.6),
suggesting potentially different mechanisms driving
fibrosis progression.
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FIGURE 4 Hepatic expression of insulin-like growth factor binding protein (IGFBP) family correlates with pediatric NAFLD/

fibrosis severity. (A) Hepatic IGFBP1, IGFBP2, and IGFBP3 expression in different stages of NAFLD: normal (n = 5), steatosis (NAFLD
activity score [NAS] < 3; n = 15), borderline NASH (NAS = 4 or NAS = 5 with one or more subscores = 0; n = 19), and NASH (NAS > 5,
subscores = 1; n = 15). (B) Hepatic expression of IGFBP1, IGFBP2, IGFBP3, and IGFBP7 in different stages of fibrosis in pediatric patients
with NAFLD: SO (n = 6), S1 (n = 35), S2 (n = 4), and S3 (n = 5). *p-value < 0.05. (C) Pearson correlation between 2-h glucose (Glu120) value

and hepatic expression of IGFBP1, IGFBP2, IGFBP3, and IGFBP7

We then performed DEG and pathway enrichment
analyses with the two adult studies alongside our pediat-
ric cohort. This included pairwise comparison of controls
versus NASH and no fibrosis (S0) with advanced fibrosis
(S3/S4). Some pathways were similarly regulated in both
pediatric and adult NAFLD patients (Figure 5A,B) such
as hepatic fibrosis and type 2 diabetes mellitus signaling.
Other pathways were only enriched in pediatric patients,
such as “calcium signaling pathway” in NASH and “oxida-
tive phosphorylation” in fibrosis.

We examined a recently proposed 25-gene expres-
sion panel for fibrosis/NASH'? in our data set (Figure
S3C). Only 4 of 25 genes (CFAP221 [cilia and flagella
associated protein 221], HECW1 [HECT, C2 and WW
domain containing E3 ubiquitin protein ligase 1], regu-
lator of G protein signaling 4 [RGS4], and IL-32) were
significantly associated with progression in our pediatric
cohort. Then, we examined genes across all three stud-
ies that we identified as associated with increasing NAS.
There was a reduction of hepatic IGFBP1 and IGFBP2
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FIGURE 5 Similarities and differences comparing pediatric with adult NAFLD studies. (A) Selected enriched pathways in pediatric and
two adult NAFLD studies using all DEGs identified comparing controls versus NASH. (B) Selected enriched pathways in pediatric and two
adult NAFLD studies using DEGs comparing SO versus S3/S4 fibrosis. (C) Heatmap showing hepatic expression of selected genes related
to IGFBP and calcium signaling pathway in different NAFLD stages. (D) Heatmap showing hepatic expression of selected genes/pathways
with progression of fibrosis in NAFLD. OXPHOS, Oxidative phosphorylation. GSE89632: S2 patients were excluded due to small number

(n = 2). (E) Diagram showing the common DEGs (false discovery rate [FDR] < 0.05, fold change > 1.5) from NASH versus control in different

age groups. All of the identified DEGs here are up-regulated in NASH

expression across all of the studies in the progression
from normal to steatosis to NASH (Figure 5C; IGFBP
family). In contrast, IGFBP3 increased in the pediatric
cohort, but not in either adult study. Genes encoding cal-
cium channel subunits and myosin subunits were signifi-
cantly down-regulated in pediatric patients with NAFLD
compared with controls, most of which were not differen-
tially regulated in adults (Figure 5C; calcium signaling).
This is consistent with “calcium signaling pathway” only
being down-regulated in pediatric NAFLD (Figure 5A).
In terms of liver fibrosis progression, up-regulated
cytokine and immune activation genes are a common
feature in both adult and pediatric patients with NAFLD
(Figure 5D; cytokine expression), although a subset
of genes was only found significantly changed in the
pediatric and not the adult cohorts (CD69, CXCL2,
FCER2 [Fc epsilon receptor Il], and FOS). IGFBP7 sig-
nificantly increased in advanced fibrosis across all

studies. Finally, we identified significant changes in oxi-
dative phosphorylation and eukaryotic initiation factor 2
(EIF2) signaling in this cohort, but these changes were
not present in the adult studies (Figure 5D; OXPHOS
[oxidative phosphorylation]/EIF2 signaling). Comparing
the gene-expression profiles of this cohort with similar
adult NAFLD/NASH studies identified common as well
as unique genes in NAFLD progression and fibrotic de-
velopment. Further studies are required to investigate
their potential mechanistic implications and prospective
utility as noninvasive biomarkers.

DISCUSSION

Considering the alarming prevalence of NAFLD/NASH
among children and adolescents, as well as its progres-
sive and chronic nature, there is an imperative need
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to understand whether there are unifying and unique
mechanisms in children and adolescents. Analyzing
the global liver transcriptome profiles of patients with
NAFLD could facilitate the identification of biomarkers
and therapeutic targets for the detection, quantification,
and treatment of NAFLD as well as its associated fibro-
sis. Furthermore, by combining the findings from pedi-
atric and adult patients, it facilitates evaluating whether
there are biomarkers and therapies unique to pediat-
rics, adults, or equally suitable for both age groups.

Previous attempts to study transcriptomic changes
in NAFLD predominantly used adult cohorts, com-
posed primarily of Caucasian populations.“z‘ml In this
study, we used liver biopsy samples from a total of 52
pediatric patients in the northeast United States with an
average age of 13.6 years representing multiple ethnic-
ities and both genders. Most of the cohort was Hispanic
(69.2%). We did not detect a difference in a variety of
biochemical markers between Hispanics and the re-
mainder of our cohort (Table 1), although Hispanics
tend to exhibit an overall higher NAS score compared
with non-Hispanic patients. Transcriptional profiles be-
tween our Hispanic and non-Hispanic patients were
not significantly different (data not shown). Although
Hispanics represent most NAFLD cases in the gen-
eral pediatric population,“o'm the large proportion of
Hispanic participants in this cohort may make the find-
ings less generalizable to non-Hispanic children.

We compared our cohort to a convenience sample of
adolescents with a liver biopsy at the time of bariatric sur-
gery.[24] By cross-referencing this study with our cohort,
we identified seven commonly regulated genes (Table
S7). Several are involved in lipid metabolism, and, no-
tably, PLA2G7 (phospholipase A2 group VII) is directly
linked to calorie-related inflammation.®® The modest
number of differentially expressed genes between these
studies limited our ability to perform extensive bioinfor-
matic analysis. This is partially explained by the signifi-
cant sex, ethnic, and referral differences between these
studies, highlighting the need to expand efforts to recruit
pediatric and adolescent patients. These genes, as high-
lighted by PLA2G7’s recently described role, deserve
consideration as drivers of cardiometabolic disease.

Children often present with different histopathological
features of NAFLD from adults. For example, hepato-
cellular ballooning is less common. Inflammation and
fibrosis are often present in the portal tracts (Zone 1),
while adult disease more typically involves inflammation
and fibrosis of the central vein (Zone 3).*% A second
explanation for these potential differences is the chronic
nature of liver fibrosis. From adult studies, it has been es-
timated that fibrosis progresses at a pace of 14.3 years
in NAFLD and 7.1 years in NASH.“Y In our cohort, we
found bridging fibrosis (S3) present in subjects between
10 to 15 years of age, suggesting that more aggressive
mechanisms of inflammation and fibrosis are present in
at least a subset of this population.

In our study, we examined the progression of
NAFLD (control to steatosis to NASH) and liver fibrosis
separately. The transcriptomic profiles of controls are
dramatically different between patients with steatosis
and NASH. In comparison, livers with steatosis versus
NASH show minimal differences in gene-expression
profiles (Figure 2). Dysregulation of many well-
recognized signaling pathways involved in NAFLD/
NASH development such as glucose/insulin signaling,
IL-17 signaling, and RXR activation occurs early in the
disease course, even before pathologic identification
of inflammation and fibrosis. Similarly, dysregulation of
metabolic programs such as carbohydrate, fatty acid,
and retinol metabolism occur early in the development
of steatosis, before the clinical development of diabetes
or dyslipidemia (Figure 2), which is consistent with its
association to metabolic syndrome.[‘”]

In this patient cohort, NAS does not correlate well
with fibrosis, unlike adult studies in which patients with
high NAS scores are more likely to have advanced fibro-
sis.l""20 Although fibrosis stage is not calculated in NAS,
it is thought to be the major predictor of clinical outcomes
in these patients. Advanced fibrosis is associated with a
higher mortality rate in adults, 2 although its applicability
to the pediatric population is unclear. The development
of inflammation and recruitment of inflammatory cells is
generally presumed to be a precursor to fibrotic develop-
ment. As expected, inflammatory cytokine and immune
marker activation were enriched during fibrotic progres-
sion in both adults!?% and in our pediatric NALFD co-
hort (Figure 5B,D). We examined the expression of a
recently described NAFLD fibrotic gene signature identi-
fied from adults!'? to determine its potential applicability
in pediatrics. A subset (4 of 25; IL-32, CFAP221, HEC21,
RGS4) of these genes were significantly regulated in our
pediatric cohort (Figure S3C), suggesting that fibrotic
regulation in adult and pediatric patients with NAFLD
share some similarities, but are not identical.

From our data set, we identified a core 25-gene sig-
nature associated with fibrotic progression in the pe-
diatric cohort with NAFLD (Figure 3D). Among them,
NOTCH4 (notch receptor 4) has been well character-
ized in liver tissue repair and injury [43.44): however, its
involvement in fibrotic NAFLD progression remains
unclear. IGF2BP1, one of the three mRNA-binding
proteins in the IGF2BP family, is linked to HCC.[454°]
These signature genes warrant further functional stud-
ies in vivo and in vitro for their evaluation as potential
biomarkers and therapeutic targets.

Currently, liver biopsy remains the gold standard for
staging of NAFLD and evaluation of fibrosis. Identifying
peripherally accessible liver-specific biomarkers could
facilitate the diagnosis and staging of NAFLD. It is also
well recognized that many members of the population
likely have hepatic steatosis and fibrosis, but clini-
cal evaluation is not considered because of a normal
serum ALT. In this study, we propose IGFBP1/2/3/7 as
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potential NAFLD biomarkers. This protein family can
bind, transport, prolong the half-life, and regulate the
availability of insulin-like growth factors. They are pri-
marily expressed in the liver and can be detected and
measured in the bloodstream, making them ideal po-
tential biomarkers for liver-associated diseases.*’! With
regard to their relationship with NAFLD, recent studies
indicated that patients with NAFLD show lower serum
levels of IGFBP1® and IGFBP2,“® and increased
serum level of IGFBP7.B4

Our data support the notion that IGFBP1/2 lev-
els decrease as NAFLD progresses (Figure 5C), and
IGFBP7 levels increase in S3/S4 fibrosis (Figure 5D).
These markers were consistent across the pediat-
ric and adult cohorts we examined. Furthermore, we
found that IGFBP3 increased in our pediatric cohort
as NAFLD progressed, which was not reflected in the
adult studies (Figure 5C). Directly examining the IGFBP
family members in the serum and specifically, whether
IGFBP3 is a unique biomarker for pediatric patients
with NAFLD warrants further investigation.

We also want to acknowledge some limitations of our
study. First, we were unable to obtain liver samples from
healthy children or adolescents. As a result, we used
RNA and liver biopsies from healthy adults as control.
There may be baseline differences between pediatric
and adult livers, although it is notable that the transcrip-
tional profile of some of our subjects more closely aligned
with the adult controls (Figure 1). Larger future studies
are required to determine whether the differences we
identified as unique to this pediatric population are due
to developmental versus disease-related differences.

Second, our pediatric cohort lacks patients with ad-
vanced disease phenotypes: Only 1 patient has a NAS
score larger than 6; 10% of patients have stage 3 fibrosis;
and none have S4 fibrosis. Generally, these proportions of
disease are like a larger pediatric histopathologic study.[5°]
Despite these limitations, our findings provide reference
and guidance for future studies on pediatric NAFLD. We
propose several gene signatures and biological pathways
that are potentially critical to pediatric NAFLD.
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